The effect of the free surface can be removed from three-component seismic recordings to recover the incident upgoing wavefield, if the slowness and azimuth of the current wavefront are known as a function of time. For a single threecomponent station it is usually possible to estimate an azimuth for an event from the first arriving P-waves, but slowness estimates are less reliable when more than one wavetype is presented in the seismic wavetrain. However, the free surface correction operators are generally slowly varying functions of slowness and so some error in slowness can be tolerated.
INTRODUCTION
Many methods for extracting the properties of the seismic wavefield from three-component seismic records are based on a polarization model of a single dominant wavetype arriving at the station at any instant (see e.g. Jurkevics 1988; Christofferson, Husebye & Ingate 1988; Nagano, Niitsuma & Chubachi 1989) . Although such an approach works quite well in the early part of a seismogram where P-waves predominate, it is normally much less effective for S-wave arrivals which commonly involve contributions from both polarizations for S(SV-and SH-waves for horizontally stratified isotropic media).
Jepsen & Kennett (1990) have recently demonstrated that it is possible to provide an estimate of the current proportions of the P-and S-wave contributions to the seismograms when independent estimates of the slowness and azimuth of the incident waves are available. This can be achieved for a three-component station colocated with an array of single component sensors. This process is based on the assumption that the seismic wavefield at each instant can be adequately represented by a single wavefront characterized by a vector slowness, and depends on a model of the propagation process near the receiver.
In this paper we investigate the nature of this wavefield decomposition process and show how one can establish a hierarchy of operations to include the effects of structure near a three-component receiver. A common factor is compensation for the effects of the free surface which is a frequency-independent procedure. The inverse of the free surface interaction is a surprisingly simple operator which removes the effects of surface amplification and phase distortion, so that the amplitudes of the different wavetype components can be directly compared. For hard rock sites, at least, good approximations to the inverse operator can be generated for bands of slowness.
Using such approximations for removal of the free surface interaction the wavefield decomposition approach of Jepsen & Kennett (1990) can be extended to an isolated three-component recorder. For such a single threecomponent station estimates of slowness and azimuth are based on polarization models for a single dominant wavetype. These estimates are of limited utility when more than one wavetype is present as in the S-wavefield.
Generally it is possible to get a reasonable azimuth estimate e.g. from the onset of the f-wave; this can then be used to rotate the wavefield for the whole length of the trace. Then, for a particular class of seismic phase, approximate operators steered towards a set of suitable slowness values are applied to the wavetrain. Different operators enhance different features of the wavefield and this can be used for phase detection.
For regional phases recorded on single three-component sensors at the Arcess and Noress arrays in Norway, a set of four operators steered towards the slowness bands for the phases f n , f g , Sn and Lg provide a very effective way of characterizing the wavefield. A very useful product of this procedure is that we can make direct comparison between the f -, SV-and SH-wave amplitudes in a particular group velocity window and so get closer to the radiation characteristics from the source, especially with regard to the ratio of S V to SH in the regional S-waves. This approach is thus of potential significance for discriminating between different classes of sources.
N E A R -R E C E I V E R P R O P A G A T I O N
Any theoretical description of the passage of seismic waves from source to receiver has to include the effects of the structure near the receiver. The presence of the free surface on which traction vanishes leads to reflection of upgoing waves back into the medium when they may undergo further interactions before return to the surface.
For a stratified medium in the neighbourhood of the receiver we may make use of the formulation of Kennett (1983, section 9 .2) to represent the surface displacement field wo at a given frequency o and vector slowness p in terms of the upgoing wavefield vuK at a level zK below the surface. The displacement
I is the identity matrix, R is the free surface reflection matrix, and RLK is the reflection matrix for downward incident waves on the zone between the surface level and z K . TLK is the transmission matrix for upgoing waves on the region between z K and just below the surface. The presence of the free surface introduces the possiblity of near-surface reverberations between the surface and the level zK which are represented by the matrix inverse. W is the transfer matrix between upgoing waves at the surface and surface displacement.
The relation of the displacement w and traction t, across a horizontal plane, to the up-and downgoing wavefield in a uniform region is via the eigenvector matrix of the governing set of ordinary differential equations. This relation can be written in the form (Kennett 1983, equations 3.1, 3.36) where vu and vD are the up-and downgoing components of the wavefield. We have partitioned the eigenvector matrix D into portions mU,D generating displacements from either upor downgoing waves and portions nU.D generating the corresponding tractions. In terms of this representation, the free surface amplification effects represented by W can be written in terms of the surface displacement partitions as
and, as a consequence of the vanishing of the surface traction, the free surface reflection matrix can be represented in terms of the surface traction partitions
The presence of the near-receiver structure complicates the seismic wavefield and we would be able to compare the behaviour of the three different wavetypes on an equal footing if we were able to consider the upgoing waves outside the near-surface zone. In order to recover the upgoing wavefield at zK we have to invert the propagation matrices and apply them to the surface displacement wo. Formally we thereby obtain
for a particular combination of frequency w and vector slowness p .
We can regard the recovery of vUK as proceeding in a set of stages. In the first stage we estimate the upgoing wavefield just below the free surface vuo by
This calculation needs to be performed irrespective of the choice of the level zK and represents a frequencyindependent correction for the effect of the free surface alone. The procedure introduced by Jepsen & Kennett (1990) for evaluating the relative proportions of P-, SV-and SH-waves along a wavetrain depends on the application of this free surface correction with a time variable slowness and azimuth determined from array studies. Jepsen & Kennett (1990) calculated the inverse of W numerically, but as we shall see, it is possible to obtain a simple analytic form for this inverse, which suggests the use of approximate operators when array slowness estimates are not available. The second stage of the removal of the near surface effects is to compensate for any near-surface reverberations to generate
(7)
We note that this process subtracts a delayed and rescaled version of vuo from itself, and so the operation (6) is a necessary prerequisite for any more elaborate compensation for near-surface structure. The term RLKR in (7) will depend on frequency through the nature of the propagation process in the zone OK.
Finally it may be appropriate to remove the phase and amplitude effects associated with transmission from the level zK to just below the free surface and construct vUK from
Each of the operations (6-8) depends on a knowledge of the velocity structure in the neighbourhood of the receiver. The simplest process (6), that of removing the effect of the free surface itself, requires the seismic parameters just at the surface to be known. The remaining two procedures require knowledge of the structure between zK and the surface and involve frequency-dependent corrections through the reflection and transmission matrices for this region.
FREE SURFACE CORRECTION
We have seen above that a removal of free surface interaction via W-' is a common feature to all procedures for correcting for near-surface structure. It is therefore worthwhile to look in greater detail at the nature of this correction.
From (3), ( 4 ) we can write W-' as = (mu,, -mDon~&,o)-l (9) which can be recognized as a partition of the inverse of the eigenvector matrix Do for the material just at the surface.
In general the relation between the up-and downgoing wavevector components and the displacement and traction fields can be obtained from the inverse of equation (2): In (10) In this form it is clear that separation of up-and downgoing waves for all wavetypes will in general require knowledge of both the displacement and traction. Only at the surface, where the traction vanishes can the upgoing wave vector be found from the displacement alone. The first stage is to rotate the displacement components in the horizontal plane into a (Z, R, 7') coordinate system radial and tangential to the path from the source using the azimuth 8. The structural matrix contains the entries of W-' in the rotated domain.
The behaviour of the free surface displacement matrix W is quite complicated as a function of slowness for the P-SV wavefield. In the rotated coordinate system, using the notation of Aki & Richards (1980, chapter 5) which avoids awkward normalization factors, we have where a superscript T represents a transpose. On comparing (9), (10). (11) we recognize that we can express the free surface correction matrix W-' in terms of the traction components for downgoing waves:
(12)
We will see later that the relative simplicity of this expression will enable us to generate powerful approximations for the free surface correction terms. The development above is applicable to both isotropic and anisotropic media provided that the appropriate reflection and transmission terms can be calculated. The removal of reverberations requires that the structure can be regard as a stratified over a zone around the receiver encompassing the dominant reflection processes. However the restrictions on the nature of the medium can be weakened if just the free surface correction is to be applied, we then require the surface velocities to be slowly varying on a scale comparable to the largest wavelength of interest.
FREE SURFACE CORRECTIONS FOR A N ISOTROPIC STRUCTURE
For an isotropic medium in the near-surface region we can separate out the contributions of the P-, SV-and SH-waves to the surface displacement. We will write the upgoing where a", / 3, ) are the P-and S-wavespeeds at the surface. where the radicals are to be chosen so that A t ( w q ) > 0 for evanescent waves of a particular wavetype. This presence of the free surface introduces the slowness dependent quantities C, and C, representing the effect of free surface amplification on the P -SV wave system (17)
Once the slowness p is greater than a ; ' the P-waves become evanescent, qmo is imaginary and C , , C , are then complex. In this slowness range there is a phase shift introduced between the vertical and radial components of the S V contributions to the surface displacement which gives rise to elliptical polarization patterns.
Despite the complexity of W , the inverse matrix has a surprisingly simple form, as we would anticipate from (12). The forms for the free surface correlation coefficients Vpz etc. derived from (15) are .
The recovery of the wavevector components is therefore to be achieved by taking simple linear combinations of the spectral elements of the rotated seismograms. Beyond the critical slowness p = a ; ' associated with the onset of evanescent P , qmo is imaginary and so although the coefficients are frequency independent, the Hilbert transform of the vertical component will be required for the estimate of the P contribution. The SV-wave contribution can, however, be formed by a simple linear combination of the vertical and radial seismograms. The coefficient V, , is singular at the critical slowness p =a,' but otherwise the P-SV system correction coefficients do not vary very rapidly with slowness. The magnitudes of these free surface correction coefficients are displayed in Fig. 1 as a function of slowness, for surface velocities typical of a hard rock site. Because of the relatively slow change of all the coefficients for slownesses somewhat less than a;', it is possible in this slowness interval to make a simple approximation of taking constant correction factors over a band of slownesses. For S-waves, once P is evanescent, the terms V y z , VSR vary more rapidly but are still real (for p < 6;'). Thus, despite the phase shift introduced by the free surface interaction, the process of recovering the SV incident wave on the surface is simply that of taking a linear combination of the vertical and radial components. The SH-wave correction is very simple: the estimate of the incident SH-wavefield is simply one half of the tangential displacement component after rotation and is thus quite sensitive to the azimuth employed.
For hard rock sites the free surface correction factors are relatively slowly varying as a function of slowness and as a function of surface velocities (except in the neighbourhood of p = a;' and p = ~6 ; ' ) . It is therefore possible to generate reasonable approximations for the free surface corrections which are designed for use in a set of slowness bands appropriate for the major regional phases. These approximations will be suitable for surface P-wavespeeds between 5.5 and 6.3 km s-I.
For 0.1 < p < 0.13, which spans the slowness for Pn,
in terms of the amplitudes of the displacements in the rotated coordinate system. Since these operations are I ' " " 'It' " I ' " " " -+ frequency independent they can be applied directly to the seismograms or suitably filtered traces.
For 0.13 < p < 0.18, appropriate to Pg,
For the slowness bands steered towards the S-wave phases we have to take the Hilbert transform of the vertical component in order to estimate the P-wave contribution (which we would expect to be small in the evanescent regime). For 0 . 1 8 < p <0.23, which will cover Sn,
where H(Z] indicates the Hilbert transform of the vertical component. The small coefficient for the vertical component contribution to P means that it can reasonably be ignored. As we have noted the coefficients for S represent a reasonable approximation but do not take account of the full slowness variation for the SV-wave terms.
For 0.23 < p <0.28, appropriate for L g ,
The variation in the coefficient V, , across this slowness interval is significant and so the S V estimate will be less good than for the other slowness bands.
In Fig. 2 we illustrate the application of both the exact expressions (18), and the approximations for the different slowness bands (19) (20) (21) (22) to single slowness seismograms consisting of a P pulse and an S pulse separated by 0.6s incident upon the free surface, with the addition of a small amount of noise. The upper two panels show the vertical and radial components of surface displacement including the effect of the free surface displacement matrix W (15). The P pulse is suppressed after the onset of evanescence. The interaction with the free surface produces considerable variation in amplitude as well as some phase shifts for the S pulse in the evanescent P regime. The middle two panels marked (P, SV) show the application of the exact free surface correction factors (18) to the vertical and radial seismograms. We see that the complete separation of the Pand SV-wave incident pulses has been achieved and that the amplitudes of the pulses are constant with slowness because the free surface amplification effects have been removed.
In the lowest two panels marked (p, sv) we have used the approximations (19-22) over the four contiguous slowness bands. The break points for the different approximations are marked by triangular markers. In general the performance of the approximation is very good. The P -wave estimates are fine for the range of propagating P but there is some cross-talk from the SV-wavefield just at the onset of evanescence and for large slowness values. The behaviour of the SV-wave estimates is very encouraging even for the larger slowness values. In this slowness range the limitations of the approximation for the weighting of the radial component are balanced by its small size and so good results are achieved; however, there is a little variability in the amplitude of the estimated SV-wave pulse.
described by (18) or the approximations (19-22) we have to recognize that there are two different sources of error. The first class of error arises because the estimate of the SH component is solely dependent on the quality of the rotation of the seismogram displacements. Error in this process will produce cross-talk between the P-SV-and SH-wave estimates, e.g. an azimuth error of 20" is likely to produce P-wave contamination of the SH-wave estimate and will often result in an underestimate of the amplitude of the entire S-wavefield. The second class of errors arises from inaccurate slowness estimates. If the azimuth is correct, this will just give rise to cross-talk between the P-and SV-wave estimates with P energy transferred to the SV-wave trace and vice versa. In general, however, there is likely to be some interaction with the SH-wave estimate also due to azimuth errors. In order to minimize the errors in the wavevector recovery procedure the azimuth 0 should be known to within 10".
If we are using the full representation (18) for the free surface correction, in order to achieve a recovery of the P, SV, and SH components in which cross-talk between components is minimized, we require the following:
(i) The slowness p should be known to 0.01 s km-' (for slownesses close to a , ' the variation of the coefficient V, , is so rapid that a very high slowness accuracy is required for perfect recovery, even in the absence of noise).
(ii) The surface wavespeeds should be known within 10 per cent. Since both V,, and V, , , depend on both the Pand S-wavespeeds at the surface, the P-wave estimates are the most sensitive to errors in these wavespeeds.
Such precision in slowness estimates can be achieved with the use of a steered array.
With the slowness band approximation (19-22) we have averaged the coefficients in the wavevector recovery scheme over a range of slownesses (ranging from 0.03 to 0.05skm-') and also a span of surface wavespeeds (approximately a 15 per cent variation). As a result the accuracy of the recovery of the individual wavevector components will be limited but we have in compensation achieved the capacity to look at the composition of the wavefield from a single three-component station.
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Slowness s/km Figure 2. Vertical (Z) and radial (R) components of displacement
at the free surface for surface wavespeeds a;, = 5.8 km s-', Po = 3.5 km s-'. The incident upgoing wave consists of a P pulse and S pulse separated by 0.6s with some added noise. (The P pulse is suppressed in the evanescent P regime). The traces P, SV are generated by using the exact wavevector recovery coefficients (18), with very effective separation of the P-and SV-wave pulses. The lowest traces p, sv are generated using the four approximations (19-22) for the wavevector recovery; the boundaries between the different slowness bands are indicated by triangular markers.
The success of the slowness band approximations in giving a good recovery of the incident wavevector without specific knowledge of the slowness is very encouraging, and suggests the possibility of being able to use data from an individual three-component station where slowness control is limited.
The expressions for the coefficients V, , , VpR, V, , and V,, d o not vary with frequency and can be applied directly to rotated seismic traces from narrow-band sensors. For broad-band recordings we have to reckon with the complication that as the wavelengths of the incident waves increase the effective surface wavespeed is an average over a zone at the surface. Since, in general, the velocities increase with depth away from the surface, the surface wavespeeds which will be the most effective for the application of (18) will increase somewhat with decreasing frequency. Since the coefficients are relatively slowly varying functions of the surface wavespeeds this hidden frequency dependence does not cause too much difficulty until low frequencies (below 0.02 Hz) when the presence of the crust itself has hardly any influence.
In application of the wavevector recovery procedures
WAVEVECTOR R E C O V E R Y F O R R E G I O N A L S E I S M O G R A M S
A single three-component seismogram does not provide enough information for estimating the variations of the relative proportions of P, S V and SH arrivals as a function of time, since the instantaneous vector slowness (horizontal slowness, azimuth) needs to be known. As pointed out by Jepsen & Kennett (1990) , this can be achieved if the three-component seismogram is colocated with an array of single-component sensors from which the current slowness and azimuth can be independently estimated. Frequently with even a single three-component station it is possible to get a reasonable estimate of the azimuth from P-wave arrivals. In the early part of the record the assumption of a single dominant wavetype is well satisfied and so polarization methods can be used to find the best fitting azimuth to the early part of the wavetrain.
In order to apply the wavevector recovery procedure it is necessary to make the assumption that the P-wave azimuth can be used for the entire record. The various approximations for the removal of the free surface response can then be applied in turn to the three-component record. Once the appropriate phases are recognized, it is possible to generate a composite trace using different approximations for free surface removal in different group velocity windows and thereby approximate the variation of the P , SV and SH contributions as a function of time.
The basic assumption built into the process of estimating the incident wavevector arriving at the free surface is that instantaneously the wavefield can be represented by a single vector slowness with contributions from all three wavetypes. As a result there would be no effective way of coping with two interfering signals of comparable strength arriving from different azimuths. The presence of multiple slownesses at the same azimuth will not normally give rise to such severe problems; however, the local accuracy of the wavevector recovery process is likely to be reduced if the interfering slownesses are widely separated. With a colocated array it will often be feasible to recognize the presence of such complications, but for a single three-component record we have to recognize that the estimates of the wavevector on the surface will be erroneous if the full seismic wavefield is not close to meeting our simplifying assumptions.
The Lg wavetrain, which is the most prominent feature of many seismograms at regional distances, is composed of a complex interference of multiply reflected S-waves within the crust. The assumption of an instantaneous slowness for this portion of the seismogram is reasonably well supported by theoretical seismogram simulations.
We will illustrate the approximate wavevector recovery scheme based on the approximations (19-22) by application to a number of events at ranges from 200 to 2400 km from the Arcess array in northern Norway. The Arcess array has its sensors sited on hard rock outcrops and so is very suitable for the application of the approximations we have developed above. Since we are interested in the application of our techniques to a single three-component seismometer, we will employ just the records from sensor A0 at the centre of the array. We will show the entire wavetrain so that the relative behaviour in the different group velocity windows can be assessed.
We will see that a very useful by-product of removing the free surface amplification effects from the incident wavefield is that we can make direct comparison between the P-, SVand SH-wave amplitudes for the group velocity windows appropriate to the particular slowness band being employed. As a result we can get closer to the radiation characteristics from the source. especially with regard to the ratio of SV to SH in the regional S-waves. This procedure is therefore likely to be of some significance in discriminating between different classes of sources.
Event at 207 km
The first set of three-component seismograms we consider come from a mine blast near the Norwegian/USSR border at a range of 207 km and an azimuth of 94" from the Arcess array. This event is close enough that there is no clear separation between Pn and Pg or Sn and Lg. In Fig. 3 we display the seismogram components rotated to the great circle azimuth in the left hand panel (a) and to the right (b,c), the results from application of the slowness band approximations (20) and (22) steered towards the phases Pg and Lg respectively. In each case we have applied a 1-3 Hz band pass filter which accentuates the S-wave phases.
The orientation of the event is such that the original (Z, N, E) seismograms are almost naturally polarized, and a measure of the success of the rotation procedure is the absence of the lower frequency Rg phase (at around 60s) from the tangential component, even though it is prominent on both the vertical and radial components. We note that the tangential component is almost zero at the onset of P but builds up in the next 5 s or so, probably indicating the presence of off-azimuth arrivals.
The wavevector estimates steered towards the slowness band appropriate to the Pg phase (Fig. 3b) show a very good resolution of the onset of P , with a small accompanying SV pulse delayed slightly in time. In the coda of the Pg phase, the estimates of the P-and SV-wavevector components are roughly comparable until the prominent S arrivals are reached. The approximation (20) combines the vertical and radial components in roughly the proportions 2 : l (but with different sign) in generating the estimates of the P-and SV-wave components. As a result we have a clear indication of the presence of the Lg and Rg phases on the seismogram but the character of the arrivals is rather different from those seen for the approximation (22) steered towards the Lg phase.
On the wavevector components generated using (22) we see the interesting result that the largest amplitude for the P phase occurs on the notionally SV-wave component. This occurs because the S V estimate enhances the vertical component of motion which is prominent for P. In the group velocity window appropriate to the S phases we see that the dominant contribution is indeed on the SV component. The estimate of the P-wave component stays fairly small and is proportionally larger as would be expected for the fundamental mode Rayleigh wave (Rg) which involves strong P and S coupling at the surface. Although the tangential component was only slightly smaller than the vertical in the rotated seismograms, the application of the approximation steered towards Lg has reduced its significance to that which might be expected to be generated by a distributed source within a mine, rather than an earthquake.
The enhancement of the S V phase on the wavevector components steered towards Lg has the additional effect of making the onset of S easier to recognize. In Fig. 3(c) the onset of S and the main amplitude concentration occur at the same time on the S V and SH components, even though the largest S amplitude would appear to occur earlier on the tangential component in Fig. 3(a) . The processing has therefore been quite successful in achieving the goal of placing the SV and SH components on an equal footing.
Event at 390 km
The second set of three-component seismograms comes from a presumed mine blast near Apatity on the Kola peninsula in the USSR at a range of 408 krn from Arcess and azimuth 118" from the array. At this range the mantle phases Pn, Sn have separated from the crustally guided phases Pg, Lg, and all four phases can clearly be seen on the seismograms in Fig. 4 . The upper three traces in Fig. 4 show the vertical, north-south and east-west components of motion; no filtering has been applied. This event shows larger low-frequency components than others on a similar azimuth but has the merit that all the regional phases can readily be recognized. In the lower three traces of Fig. 4 , we have generated a composite wavevector decomposing using the different slowness band approximations (19) (20) (21) (22) in turn along the trace for the group velocity window corresponding to the phase towards which they are steered. By this means we aim to approximate a continuous estimate of the relative amplitudes of the P , SV and SH components. The break points for the different approximations are shown by the open triangles.
We recall that the SH-wave trace is simply half the tangential component after rotation and so does not vary between the different slowness band approximations. The rotation to the great circle azimuth does a good job in suppressing the apparent SH component in the P-wave windows. Each P-wave arrival is accompanied by a small burst of energy on the SV-wave component suggesting some conversion phenomenon occurs near the receiver. The relative size of the SH component is slightly smaller in the Sn window than for Lg, which is likely to be associated with the radiation pattern from the source. Each of the principal features of the SV component in the Lg window has associated amplitude on the P component traces, which we Event at 408 km In Fig. 5 we present a similar display to Fig. 4 for an event with a source in the same region but with a much higher frequency content. The azimuth is again 118". Now however Pn, Pg and Lg are clear but it is difficult to discern Sn on the original seismograms.
The composite wavevector presentation enhances the main phases, and also enables greater confidence to be placed on the identification of Sn. Comparison of Fig. 4 and Fig. 5 indicates that the use of the slowness band approximations steered towards the major regional phases works well for signals of markedly different frequency content and allows an objective measure of the relative significance of SH-waves. For both the events near Apatity the SH-wave is well developed but somewhat smaller than the S V component in the Lg window.
Event at 2604 km
The last example is of an earthquake at far regional range from Arcess, which occurred east of Svernaya Zemlya, north of Siberia, at a range of 2604 km and azimuth 24". This event shows a complex P-wave behaviour with a distinct later S phase. Although it is probably too far away for the slowness band approximations we have developed to In Fig. 6 we follow the same pattern as in Figs 4 and 5 and show the unfiltered original components of motion in the top three traces and then below them composite wavevector component traces constructed by using the four approximations (19-22) sequentially in different group velocity windows along the traces. The use of the great circle azimuth again seems to be quite successful, since the apparent SH contribution for the early P-waves is quite small. After transformation to the wavevector domain the noise level on the SV component in the Sn window is somewhat higher than on the other components, whereas in the earlier examples there had been better balance. This suggests that we may need a better approximation for the operation of free surface removal in this case. The central slowness used in (21) is certainly somewhat high for S-waves at this range.
Nevertheless we are able to recognize the S-waves by their presence on both the SV and SH components with relatively low amplitude on P for the approximation steered to Sn. We can confirm this interpretation by comparing the result of applying the approximation (19) steered to Pn to this portion of the seismogram: we find that the apparent P component is still the smallest which would be inconsistent with an interpretation of a second P phase.
DISCUSSION
We have been able to show that a relatively simple procedure applied to a single three-component record, is capable of giving useful results on the relative contributions of P, SV and SH to the seismic wavefield as a function of time. The specific slowness band approximations for removing the effect of free surface interactions we have developed in this paper are geared to regional phases recorded at hard rock sites (with surface P wavespeeds between 5.5 and 6.3 km s-').
The relative simplicity of the exact operators (18) for the free surface corrections, means that it is not difficult in general to devise similar approximations t o match other circumstances. The principal complication arises from the singularity in V,, at the surface P-wave slowness. For stations on sedimentary sites this will occur in the middle of the S-wave slownesses and so some care would need to be taken in selecting suitable slowness bands to generate approximations. We have already noted that correction for the free surface effects is a necessary prerequisite for any more complex procedure for structure removal in the neighbourhood of the three-component receiver. The extent to which frequency-dependent structure corrections are desirable will depend on the site, but it should be pointed out that there will inevitably be a loss in temporal resolution if more complex structure corrections are used.
When the three-component station is colocated with an array, it is possible to use azimuth and slowness estimates from the array to form a free surface correction operator based on these values (Jepsen & Kennett 1990 ). Because of the difficulties in accurate estimation of azimuth and slowness at a small array, it is normally necessary to impose some smoothing in time to these estimates. Thus in fact the actual operators used t o implement the free surface corrections are close to those employed in the simplified treatment.
